Gravitational waves are a prediction of Einstein's General Theory of Relativity. These waves are created by massive objects, like neutron stars or black holes, oscillating at speeds appreciable to the speed of light. The detectable effect on the Earth of these waves is extremely small, however, creating strains of the order of 10
Introduction
Isaac Newton's description of gravity was improved upon in 1915 by Albert Einstein when his General Theory of Relativity was published. This theory allows for oscillations in spacetime, caused by motions of masses analogous to electromagnetic waves arising from moving charges in Maxwell's theory. These oscillations, known as gravitational waves, create a strain in space-time, so the travel time for a light beam between two inertial masses will change as the wave goes by. The size of this strain is set by the ratio 
where G is Newton's gravitational constant, m is the mass of the source, v is the velocity of the source, r is the distance from the detector to the source, c is the speed of light, M is a solar mass, and Mpc is a megaparsec. To even approach measurable strains, astronomicalsized masses moving at appreciable fractions of the speed of light are necessary. A typical gravitational wave at Earth from a source at intergalactic distances is expected to have a strain near 10
or less. This is roughly a change in length equal to the width of a human hair over the distance between the sun and the nearest star.
There are a number of experiments [1] [2] [3] that use interferometry to attempt to detect these waves. A typical Michelson interferometer design with two perpendicular arms is shown in Fig. 1 . The tensor field of the gravitational wave is most easily detected using two perpendicular arms. This is in contrast to the vector electromagnetic field, where a single linear antenna suffices. The mirrors and other optics of the interferometer hang as pendulums. This gives the best approximation of a freely falling mass; nearly free in the sensitive direction of the interferometer but supported against the static gravitational field of the Earth. To increase signal, many experiments make each long arm a Fabry-Perot cavity to increase the interaction time with the mirrors. The entire path of the laser and the optics are in vacuum, to minimize optical path length fluctuations among other reasons. The interferometer is sensitive to changes in the position of the mirrors, so longer arms translate the same strain into larger displacements. The longest interferometers have arms 4 kilometers long, so the typical gravitational-wave strain will create about 10 −18 m of mirror motion. Keeping position and sensing noise down thus becomes a crucial design criterion.
LIGO (Laser Interferometer Gravitational-wave Observatory) is the American-funded project to detect gravitational waves. LIGO has two observatories, one in Livingston, Louisiana (east of Baton Rouge) and the other in eastern Washington state on the Department of Energy Hanford reservation. These sites are shown in Fig. 2 . Livingston has a single interferometer with 4 km long arms, Hanford has two interferometers, one with 4 km arms and one half-length with 2 km arms both within a single vacuum system. Other detectors in Germany (GEO 600), Italy (Virgo), and Japan (TAMA 300) complement the LIGO interferometers and form an international network. The sensitivities of these first generation instruments is sufficient that it is possible that they will detect a gravitational wave, but it is likely that higher sensitivity instruments will be necessary. The expected sensitivity of the planned Advanced LIGO should be sufficient to see gravitational waves as often as once a day. 4 
The LIGO Gravitational Wave Detectors
Here we give give a brief overview of the design and performance of the operating LIGO interferometers, for a more detailed description please see Ref.
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Each LIGO detector is a Michelson interferometer with arms 4 km (or 2 km) long. Each arm consists of a Fabry-Perot cavity with a finesse near 100. Optical power in the arms is further increased by including an additional optic, the power recycling mirror, 5 at the bright port of the interferometer. The design for Advanced LIGO adds a further optic at the dark port, the signal recycling mirror, 5 to give additional sensitivity in a band around a frequency of interest. This technique, known as signal recycling, is currently in use on the GEO 600 interferometer.
Measured noise from the current 4 km long interferometer at Hanford is shown in Fig. 3 along with the design goal. Every optic is isolated from ground motion by a multi-stage vibration isolation structure, which reduces seismic noise that dominates the noise budget at frequencies below about 40 Hz. Thermal noise from the pendulum suspension sets the fundamental limit at intermediate frequencies. At higher frequencies, above about 150 Hz, shot noise is dominant. Figure 3 also shows a possible noise budget for the proposed Advanced LIGO interferometer. Improved vibration isolation stacks will move the frequency band where seismic noise dominates down to 10 Hz and below. The added signal recycling mirror combines the shot noise and radiation pressure on the mirrors into a single, optical noise which is dominant over most of the sensitive bandwidth. A higher power laser will reduce shot noise at high frequencies. The interaction time with the mirrors will also be higher by increasing the finesse of the Fabry-Perot cavities. In the most sensitive bandwidth, between about 40 Hz and a few hundred Hertz, thermal noise is the dominant noise source. This is thermal motion of the mirror faces themselves, and comes primarily from the mechanical loss in the optical coatings. The thermal noise curve in Fig. 3 assumes the same ion-beam deposited silica/tantala coating as was used for initial LIGO. This noise will set the ultimate sensitivity, and thus the astronomical effectiveness, of the Advanced LIGO interferometers. Reducing this noise from the level shown would have big payoffs for gravitational-wave detection and astronomy.
Coating Thermal Noise
Thermal noise is caused by mechanical loss in accordance with the Fluctuation-Dissipation Theorem.
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Directly applying this theorem to the case of a Gaussian-profile laser sensing the position of a coated mirror, as in a gravitational-wave interferometer, yields
for the thermal noise. Here S x (f ) is the power spectral density of position noise, k B is Boltzmann's constant, T is the temperature, σ is the Poisson ratio of the substrate material, w is the half-width of the Gaussian laser beam, and φ eff is the effective loss angle of the mirror, given by
where d is the coating thickness, Y , σ and φ are the Young's moduli, Poisson's ratios and loss angles of the silica substrate (no subscript), the coating for stresses perpendicular ( ⊥ ) and parallel ( || ) to the optic face. If all the Poisson ratios are small, Eq. 2 can be approximated as
The elastic constants of the coating can be calculated from the bulk values of the individual materials that make up the coating (silica and tantala in the current LIGO mirrors). For a coating made of alternating layers of two dielectrics, these values are
where subscripts 1 and 2 refer to the two materials. For σ || the equivalent equation is more complicated. Averaging the two material Poisson ratios agrees with a numerical solution to within 5% for the case of a SiO 2 /Ta 2 O 5 coating with thicknesses appropriate for high reflectivity at 1.064 µm, the laser wavelength. This model assumes the thermal noise arises from internal friction in the coating and substrate. Thermoelastic loss, or within the substrate 11 can also be a source of thermal noise. To minimize thermoelastic loss between the coating and substrate, thermal expansion coefficients and Young's moduli should be matched. Matching Young's moduli will also help reduce thermal noise from internal friction, as seen in Eq. 4, as long as the loss angles are similar for stresses parallel and perpendicular to the face. It is expected that acceptably good matching between a coating and a silica substrate can be done, so the limiting thermal noise will be dominated by the internal friction in the coating.
Coating Research for Advanced LIGO
The Advanced LIGO coatings must satisfy strict optical as well as mechanical and thermal properties. High reflectivity is needed to create high finesse Fabry-Perot arm cavities. Table 1 shows the coating requirements along with the best demonstrated value, either in an initial LIGO interferometer or a laboratory research sample. Ideally, the Young's moduli and thermal expansion coefficients should be matched between the coating and substrate as well. Research on developing an acceptable coating for Advanced LIGO has focussed on reducing the internal friction because of the importance of thermal noise to the noise budget, the lack of information about internal friction in dielectric coatings, and because optical loss (absorption, scatter, and transmission) can be made up for by higher laser power. Higher laser power is limited, however, by the ability to control the heating of the optics, 12 among other reasons. Coating thermal noise is also the limiting noise source for laser frequency stabilization, 13 making this research effort important for other precision experiments using interferometry.
The mechanical loss in the coatings is being studied by measuring the ringdown time of normal modes of silica disks coated with target coatings. The quality factors of normal modes are measured before and after coating to determine its effect. Two geometries are being used, thin samples 0.25 cm thick, and thick samples 2.5 cm thick, both 7.6 cm in diameter. The two geometries allow normal modes between about 2.7 kHz and 21 kHz to be measured. Wire loops are used to suspend the thick samples from a rigid structure, while the thin samples hang below welded silica fibers. Both samples hang in vacuum to eliminate any friction due to the air. The normal modes are rung up using a comb capacitor, and are monitored using either a birefringence readout or a simple Michelson interferometer. Fig. 4 shows a schematic of both experimental setups, and more details are given in recent papers.
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The loss angle of the coating, φ || , is determined from the measured modal Q's by
where Q coated is the measured Q of the coated sample, Q uncoated is the measured Q of the uncoated sample, E coating is the total elastic energy stored in the coating for the given mode, E total is the total elastic energy in the mode over the whole sample, and only φ || of the coating enters because the free boundary condition on the surface of the sample requires there be no stress perpendicular to the face. A first round of measurements was made to determine the source of mechanical loss in silica/tantala coatings. Three different sources were considered; internal friction in the silica and/or tantala, interfacial rubbing between the coating and the substrate, and rubbing between the individual layers of the multilayer coating. Both thin and thick samples were coated with each coating, with all coating done by SMA/Virgo (now LMA/Virgo) in Lyon, France. The first samples had only a two layer coating, one layer each of silica and tantala. This was to test for rubbing between the coating and substrate. The second set had 30 layers of alternating silica and tantala, to use as a baseline for comparisons. The third set had 60 layers of silica tantala, but each layer was only half as thick as in the 30 layers, making the whole coating the same thickness. This tests for an effect from the coating layer interfaces. The fourth set had thicker tantala layers, but thinner silica, so the coating was the same thickness as the baseline. The fifth had thicker silica with thinner tantala. These two test whether it is internal friction in either the silica or tantala that dominates the coating mechanical loss. The results of these experiments are presented in Table 2 . A more thorough explanation of this work is given in a recent paper.
16
The results in Table 2 show that internal friction is the cause of the mechanical loss in the coatings, and it is the internal friction of the tantala that is the primary source. Using the results from the three sets with differing thickness of materials, loss angles for the silica and tantala can be determined:
This calculation assumes a structural (i.e. frequency independent) model for the mechanical loss. Samples coated by MLD Technologies of Mountain View, CA with 30 layers of λ/4 alternating silica and tantala have also been measured, giving results similar to Table 2 . Additional measurements have also been made on alumina/tantala. Preliminary analysis is consistent with the result that internal friction of the tantala is the dominant source of loss in the alumina/tantala coating as well.
Examining the mechanical loss in the coatings mode by mode allows for the frequency dependence to be explored. Using a model with a frequency independent term and a term proportional to frequency yields 
where f is in Hertz. These results depend heavily on a few modal Q results at low frequency, however. Work is in progress to measure more modes of the thin samples, to allow the frequency space between the thin and thick samples' modes to be more fully measured. Direct measurement of thermal noise from silica/tantala coatings has been done both in Japan 18 and at Caltech by LIGO's Thermal Noise Interferometer (TNI).
19
The TNI consists of a Michelson interferometer with Fabry-Perot arms similar to LIGO, but with arm lengths of 1 cm rather than 4 km. The shorter arms result in a smaller spot size which, as seen in Eq. 4, means the thermal noise will be higher. The TNI has a spot size of 0. 15 . Further research is ongoing to reduce the loss angle of the coating, focussing on the tantala. In collaboration with LMA/Virgo, a titania dopant of various concentrations has been added to the tantala in a number of test coatings. Preliminary results from these samples are shown in Table 3 . Increasing concentrations of titania are seen to lower the mechanical loss. These titania-doped coatings have only about 1 ppm of optical absorption, so they are close to meeting Advanced LIGO's optical specifications.
There are other ideas for reducing coating thermal noise in advanced interferometers. One is to use corner reflectors, rather than optics coated on a face.
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Another is to have an additional short cavity in place of the current end test masses, with each mirror of this cavity having a thinner coating than the baseline design.
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Both of these ideas would require further research before being implemented on an operating detector.
Conclusion
Detection of gravitational waves is one of the great challenges in modern experimental physics. Reducing noise in the interferometers is the primary hurdle which must be overcome. Next generation detectors will have their sensitivity limited by thermal noise from the optical coatings. Developing optical coatings with low mechanical loss to bring down the thermal noise, while maintaining high reflectivity, low absorption, and low scatter is an important area of research in the experimental gravity community.
Progress has been made with reducing mechanical loss, but more work remains. Technical input from all those with knowledge about coatings and optics will be crucial to achieving this goal. The LIGO Scientific Collaboration is interested in forging collaborations with researchers who have experience and knowledge in this area. 
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